Introduction
Mining and metallurgic industries are among the most invasive anthropic activities. They are known to generate important quantities of wastes, such as slags, ashes, spoils and liquid discharges [1] [2] [3] . In most cases, the generated wastes are stored on-site with no preliminary treatment [4, 5] . Since these by-products are usually associated to high metal concentrations, they are likely to contaminate the surrounding soils and surface waters through chemical weathering reactions [6] . As a result, the release and diffusion of potentially toxic elements associated to mining activities represent major environmental risks addressed in many studies, with important societal implications [7, 8] .
Generally, in environmental settings exposed to contaminations, the resulting impacts and toxicity can hardly being inferred from the measure of the total metal concentration in the system. Instead, the chemical speciation is an essential parameter to be considered since the toxicity can vary significantly between the different chemical forms of a given element [9] .
Consequently, metal bioavailability and toxicity are directly linked to its distribution between the different compartments of the aqueous medium (sediments, suspended particulate matter, water) [9] . Moreover, these compartments are not chemically dissociated, and the metal transfer dynamics among them constitute also a major control regarding their toxicity.
Actually, metal mobility in environmental systems is governed by a complex array of complexation, adsorption, precipitation, redox reactions and physico-chemical parameters (pH, ionic strength, solid solution ratio...) which dictate metal ion solid-phase partitioning and speciation [10, 11] . For chemical elements, the most reactive fraction in a given system is frequently referred as "exchangeable pool" or "E value". Several studies demonstrated that this exchangeable pool represented the main source of major elements and metals during plant uptake [12] [13] [14] . Then, the E value is usually considered a good approximation for the bioavailable pool in an environment, providing critical information regarding element biogeochemical cycling. In soils to assess the exchangeable metal pool, various techniques are commonly used, such as chemical extractions [15] and Diffusive Gradient in Thin Films (DGT) [16] . However, these approaches are not always adapted since they may require preliminary chemical treatments (chemical extractions) or are hardly sensitive to short term kinetics (DGT). In this context, isotopic dilution (ID) and Isotopic exchange kinetics (IEK) techniques are conceptually attractive methods to discriminate between labile and non-labile metals since they do not affect the equilibrium of the system [17] [18] [19] . They also permit to access short term (minutes) as well as long term exchange kinetics, thus allowing to distinguish between different pools of available elements according to their rate of exchange kinetics. These differences in pool mobilization kinetics can be extrapolated to provide important information regarding the different exchange processes at stake, as well as an approximation of the binding modes between the exchangeable elements and their corresponding bearing phase [20] . As a result, ID is a powerful tool able to depict the potential evolution of solid-solution transfers in natural systems by focusing on the mobilization kinetics of an element in solution [21] . Many studies using ID for estimating element availability were already conducted on elements such as Al, As, Cd, Cr, Ca, Cu, Fe, F, K, Mg, Mn, N, Ni, Pb, S, Se and Zn [21, 22] and references therein.
Ultramafic soils (UM) are very unique ecosystems characterized by their floral, edafic and physiological peculiarities [23] [24] [25] [26] , their lack of mineral nutrients like P and K, and a strong chemical fertility limitation due to the low Ca/Mg ratio [27] . Moreover, they exhibit a high metal content such as Mn, Ni, Cr or Co, usually at harmful concentrations for the environmental systems [23, [28] [29] [30] [31] . Due to the intense lateritic weathering of UM rocks, resulting in the formation of Ni lateritic ores, these areas are economically valuable for mining exploitation [32] . In the Goiás State (Brazil), three UM complexes (Barro Alto, Niquelândia and Cana Brava) occur and form one of the largest layered complexes in the world [33] with
Ni reserves for the Barro Alto and Niquelândia complexes estimated to be higher than 100 million tons.
Subsequent to mining operations at these two locations, the mine wastes are deposited in storage basins generating aquatic colloids. These wastes exhibit Ni concentrations ranging between 1000 mg kg -1 and 3.2 % [34] , and are directly in contact with both soils and vegetation. Therefore, along with the diffusion of the toxic elements through various environmental compartments, a potential release of the contaminants in the surrounding areas can occur and needs to be addressed. Given their small size and high surface area, the suspended particles and colloids are known to be particularly efficient sorbents for metal ions, thus able to enhance Ni lability and to control its bioavailability [35] . However, to the best of our knowledge, the determination of the exchangeable pool to water-colloids systems using IEK technique is innovative and has little been reported before [36] .
The overall objective of the present study is to evaluate the impact of mining activity on the Ni natural cycle. We specifically assess the Ni availability and we focus on its exchange kinetics from surface waters suspended material collected in altered and unaltered areas of two ultramafic complexes exploited for mining and metallurgy (Barro Alto and Niquelândia, respectively, in the State of Goias, Brazil). Sampling points were chosen in order to assess the potential impact of Ni mining and metallurgy on Ni availability in SPM and colloids.
Isotopic Exchange Kinetics (IEK) were performed on samples of water interacting with ultramafic soils and ores on the one hand and with mine wastes on the other hand. The nature and mineralogy of suspended particulate matter and colloids were characterized to assess their control on Ni availability.
Material and Methods

Field settings
The study was carried out on the UM complexes of Niquelândia and Barro Alto inside an opencast mine and a metallurgical areas (Figure 1 ). The Niquelândia complex is about 40 km long and 20 km wide, whereas the Barro Alto complex is almost twice as long. The ultramafic bedrock related to Mesoproterozoic intrusion has been detailed [33, 37] , and is mainly composed by dunite, peridotite, pyroxenite, more or less serpentinized [38] . These rocks are rich in mafic minerals (olivine, pyroxene, chromite) containing large amounts of metals like nickel. Soils developed from the UM bedrock at Niquelândia have been recently investigated [31] and were shown to consist mainly in Ferralsols and Cambisols (IUSS, 2006 bushes on the ultramafic area, whereas a forest develops on the gabbros formations [25, 26] .
The pyrometallurgical processing of the ore (a mixture of both lateritic and saprolitic materials) leads to the production of ferronickel. By-products are generated at different process stages; fine black ash (FBA), produced during the dehydration and calcination step, destined to be reprocessed because of its huge amounts of Ni (up to 23 g kg -1 ) and slags produced during the smelting of the dehydrated material together with a reducing agent in an arc-furnace and the refining step.
Samples location, sampling and conditioning
Sampling points were chosen in order to assess the potential impact of Ni mining and metallurgy on Ni availability in SPM and colloids. For this purpose, four water systems were selected, corresponding to water directly in contact with mine by-products and runoff water in contact with UM soils and ores ( Figure 1 ). The first one was taken in the Barro Alto site (BA), in a small stream collecting water runoff in the ore extraction area. Three samples were collected in the Niquelândia area: NIQ 1, NIQ 2 and NIQ 3. NIQ 1 was sampled in a storage basin for FBA. This basin also collects water runoff, which is therefore directly in contact with FBA. In addition, a sample of FBA that are stored in the vicinity of the banks was collected during the sampling campaign. NIQ 2 was collected in an artificial lake whose water is used for the cooling system of metallurgical plant. NIQ 3 sample was collected outside both the ultramafic and industrial sites areas in the lake "Serra de Mesa" (Figure 1 ). After collection, each bulk water sample was stored in pre-cleaned, acid-washed polyethylene bottles and divided in three subsamples: one was for IEK experiments, one was dedicated to the determination of total Ni content in bulk water (including dissolved, colloidal and particulate fractions) and one for the characterization of the colloidal fraction, here defined as filtered through 0.45 µm cellulose acetate membrane. An aliquot of the latter subsample was acidified with 15 N distilled nitric acid for further determination of major and trace elements concentrations. Another aliquot was acidified with H 3 PO 4 for dissolved organic carbon (DOC) concentration measurement and stored in specific glass vials and the remaining unacidified aliquot was used for determination of anions concentrations. All subsamples were stored at 4°C till analysis.
Characterization of suspended particulate matter
The SPM collected on filters was characterized using different techniques.
Total metal concentrations on filters were determined by X-ray fluorescence (XRF) using Panalytical X fluorescence spectrometer equipped with Energy Dispersive Minipal 4 (Rh X Ray tube-30kV-9W) at a resolution of 150 eV (Mn Kα). Measurements were performed according to the thin-layer hypothesis.
The mineralogical composition was determined using X-ray diffraction (XRD) analysis on a PANalytical diffractometer and using the Cu K α radiation (at 45kV -40 mA), in grazing incidence in the 5°-70° 2θ range with a scan step of 0.013°. XRD analyses were also performed after ethylene-glycol saturation to differentiate smectite from chlorite.
This mineralogical analysis was supplemented by microanalysis based on electronic microscopies. Backscattered electron images of the SPM were obtained using a Philips XL30 scanning electron microscope (SEM) operating at 15kV beam voltage, 1.5 µA beam current, equipped with an energy dispersive X-ray spectrometer (EDX-PGT Ge-detector ; acquisition time 40s). Particles and colloids on filters were also imaged with a Philips CM20 transmission electron microscopy (TEM) operating at 200 kV, at 50 000 and 110 000 fold magnification.
Samples were prepared as follows: the filter was cut into small parts of a few square millimetres each, suspended in a few mL of ethanol and sonicated for 5 min. A drop of suspension obtained was then evaporated on a carbon-coated copper grid (200 mesh/100 µm) placed on filter paper. Elemental spectra were determined using EDS (EDX-PGT Ge-detector). The analyses were carried out in nanoprobe mode with a probe diameter of 10-20 nm. The kAB Kliff-Lorimer factors were determined using standards. Acquisition time was 40 s per measurement.
Chemical analyses
Conductivity and pH values were measured in the field using a WTW 3410 Set 2 multiparameter. The total nickel concentration in bulk water samples was determined on an aliquot of bulk water evaporated to dryness and acid-digested with a mixture of HNO 3 -HFHCl after removal of organic matter with H 2 O 2 following the protocol from Sonke et al. [39] .
Samples were then recovered with HNO 3 . All reagents used were of analytical grade.
Trace and major elements concentrations were determined using a Thermo Fisher ICAP 6200 Duo ICP-OES. Detection limits were typically of 2 µg L -1 and the external precision was ± 5%. A Shimadzu TOC-VCSH analyser was used for measuring dissolved organic carbon (accuracy 1,5%, detection limit 100 µg L -1
). Anions concentrations were measured by Dionex Dx600 chromatography (accuracy ± 5% and detection limit Cl
). Because it was not possible to measure it in the field, the alkalinity of samples were calculated as the difference between cations and anions concentrations.
Thermodynamic modelling
The 
Isotopic Exchange Kinetic Protocol
The spiking solution used for IEK experiments was enriched in stable 61 Ni (88.84% atom abundance) in a 0.4 M HNO 3 matrix and supplied by Spectrascan®. The experimental protocol was the same for all four samples: 125 mL of bulk water were spiked at t=0 with 125 µL of 61 Ni spiking solution and put on an end-over-end shaker at 25±2°C. The kinetic experiment was performed the day after sampling and scheduled in order to obtain the amount of exchangeable metal immediately and after increasing durations (1min, 1h, 3h, 6h, 19h, 38h and 72h). For each time step, a 10 mL aliquot was filtered through a 0.45 µm syringe filters. A 0.22 µm pore size is usually chosen in original IEK procedures [22] :
nevertheless, preliminary tests revealed a strong clogging of these filters because these waters were very colloid-rich. The associated increase of filtration time prevent from any reliable kinetic study. Thus, in order to determine the impact of SPM size on the measured exchangeable pool, the last sampling point (after 72h) was successively filtered through 0.45 µm, 0.22 µm cellulose acetate and 1 kDa polyethersulfone membranes. To assess the reproducibility of the method, triplicates were performed for three sampling times (1min, 19h and 72h). Three filtration blanks were also performed to determine the filter and reagent contributions. Filtrates were acidified with 15N distilled HNO 3 and stored at 4°C. All filtrates, blanks and Ni spiking solution were weight-diluted in MilliQ water to reach a 1% HNO 3 matrix before High Resolution Inductively Coupled Plasma ( HR-ICP-MS) analysis. 
E value determination
Results and discussion
Nickel bearing phases
The SPM elemental compositions were measured by XRF and the main element for each investigated site are reported in figure 2 . Such technique performed on filters allows to detect the total amount of elements present in the irradiated surface area (0.5 cm Nevertheless, several crystalline phases can be identified like forsterite (Mg-olivine), serpentine, talc and magnetite or magnesioferrite ( Figure 3 ). It is noticeable that all the identified clay minerals, as well as olivine, are potentially Ni bearing silicates commonly encountered in ultramafic soils [41] [42] [43] [44] [45] [46] [47] , and goethite is known to be a great Ni scavenger in UM contexts [31, [48] [49] [50] [51] [52] [53] . Moreover, Raous et al. [45] identified willemseite, a Ni-rich form of talc, in their garnieritic sample from Barro Alto. Interestingly, smectite was not detected in our samples, whereas it has been found in "garnieritic" and soil samples coming from Niquelândia massif [31, 42, 45, 46] . readily be transported and suspended in water, while the biggest and heaviest ones settle in the basin. These spherical particles are typical of ash produced during metallurgic processes [54, 55] . They result from the combustion, melting and volatilization of ore minerals and commonly consist of slag and matte droplets, graphite, and condensed particles, which are collected by filters. When released to the atmosphere by smelting facilities, they are cooled in few seconds and remain essentially amorphous. These particles are quite similar to those studied by Lanteigne et al. [56] which were amorphous, porous, and which contained metals such as Ni. Furthermore, in NIQ 1, the presence of these spherical particles in significant quantities is likely to explain the presence of amorphous material in XRD diffractogram.
Thus, given their high occurrence and their relatively elevated Ni content, these spherical particles of glassy nature are likely to constitute a major Ni bearing phase in NIQ 1 and 2 samples. Hence, Barro Alto site may be characterized by the association of Ni mainly with goethite and clay minerals, while Ni in Niquelândia1 and 2 sites may be associated to micrometric spherical particles of anthropic origin.
Water chemistry
Concentrations of major elements, trace elements and DOC for the filtered water samples are reported in The solid phases potentially at thermodynamic equilibrium in the systems were investigated using the Visual Minteq.v. 3.0 code, based on the four water compositions ( Table 1 ). The saturation indexes for the potential solubility-controlling phases in the system were calculated and reported in table 2 (i.e. for saturation indexes higher than -0.5). Given the lack of information regarding the chemical composition of the organic moieties in our systems (e.g.
partly resulting from high temperature processes during ore calcination for NIQ 1 and 2), the DOC was considered as generic fulvic acids and modeled using the NICA-Donnan model [58] . Important differences between BA and NIQ samples can be observed regarding the system saturation with respect to Fe oxy-hydroxides. BA water is highly oversaturated in dissolved Fe. Given the usual fast precipitation kinetics of Fe oxy-hydroxides at circumneutral pH [59] , very low free Fe concentrations should be found in system, and the observed oversaturation of Fe can be explained by the 0.45 µm cutoff membrane which allows the presence of both dissolved Fe and small colloidal Fe oxy-hydroxides [60] in the filtrate. Given results from Allard et al. [60] the smallest Fe oxy-hydroxides are likely to consist in amorphous material (such as ferrihydrite) whereas the crystallized ones, like goethite, would be found in the SPM fraction. Similarly, these calculations display that BA water is oversaturated with respect to Al oxyhydroxides phases, suggesting the presence of Al in colloidal form [61] in solution.
In contrast to the BA water, the NIQ ones are not oversaturated with respect to Fe oxides.
Indeed, NIQ 1 system seems to be mainly controlled by silicate phases with the potential occurrence of 1:1 (serpentine given as chrysotile in table 2), 2:1 (sepiolite) clay minerals, cryptocrystalline silica (chalcedony), and to a lesser extent Al phases such as diaspore.
NIQ 1 water is also oversaturated with respect to cristobalite, a high temperature polymorph of silica. In addition, it is noticeable that Si oversaturation may result from a partial dissolution of the silica spherical particles identified earlier by SEM. However, the solubility constant of this amorphous material is not known, and has not been considered during thermodynamic modeling. Similarly to NIQ 1, NIQ 2 displays a possible equilibrium with silicates phases, but presents also the highest contribution of carbonate phases. However, given the uncertainties attached to alkalinity calculations, the equilibrium involving carbonated minerals have to be considered with caution, particularly the presence of NiCO 3 phases in NIQ 1 and NIQ 2.
Finally, NIQ 3 is oversaturated with respect to diaspore and quartz only.
For the four sampling locations, the phases found to be potentially in equilibrium with the solution are in good agreement with those identified by XRD and EDS analysis. Interestingly, most of these phases are known to be possible Ni scavengers [48, 50, [62] [63] [64] .
Nickel exchangeable pool
The amount of exchangeable nickel in water (E w Ni value) was calculated for each sampling time, giving a kinetic profile up to 3 days as reported in table 3 and figure 7 . Given the total amount of nickel measured in the bulk water samples, the highest relative exchangeable pools (E w Ni %) are found in NIQ 1 and 2, with 63% and 72% of the total Ni, respectively, whereas E w Ni % represents 32% of total Ni in NIQ 3 (Table 3) . , respectively). Moreover, figure 7 shows that the major part of exchangeable Ni is in the dissolved fraction for NIQ 1 and 2, and the relative "stock" of exchangeable metal (i.e. metal associated to SPM, potentially released into the dissolved fraction) is low (12% and 5.4%, respectively). On the contrary, in NIQ 3 and BA samples, the relative E Ma et al. [66] found that isotopically non exchangeable Cu associated with colloids accounted for up to 40% of the total Cu in the soil extracts. Surprisingly, these results reveal that colloids in these soil suspension samples hold a more important fraction of non-reactive metal than the bulk SPM. On the contrary, in the present study, such calculation displays that 
Linking Ni availability to its solid phase speciation
Quantitatively, the E Ni values measured in BA SPM is significantly lower than in NIQ 1 SPM, with 2350 and 49000 mg kg -1 , respectively, corresponding to 9.1% and 42.4% of total Ni in SPM respectively (Table 3) . These values are both significantly higher than those reported by Massoura et al. 2006 [63] for Ferralsols from New Caledonia (from 18 to 190 mg kg -1 ).
However, this difference would be reasonably explained by the difference in particle size (i.e. soils particles < 2 mm for Massoura et al.), and thus specific surface and overall reactivity, between the two studies.
The differences highlighted by IEK, between Ni exchangeable pools of BA and NIQ samples, may be related to the nature of suspended particulate matter. Some phyllosilicates such as talc and serpentine were detected on both BA and NIQ sites. However, SPM mineralogy in BA is differentiated from NIQ 1 and 2 by the occurrence of goethite and chlorite, and the absence of anthropogenic spherical particles. Assuming that Ni isotopic exchanges are related to surface sorption on SPM and colloids, both the low proportion and high velocity of Ni exchanges observed in BA sample may be attributed to interactions with surfaces of talc, serpentine, chlorite and goethite, all reported to be Ni complexants through surface processes [48, 50, 62-64, 67, 68] . The sorption of Ni(II) onto chlorite was shown by Zazzi et al. [68] to be strongly dependent on pH conditions, indicating surface complexation processes. In addition, the pH of BA sample (7.7) corresponds to the stability window (7-9) of chlorite dissolution but also to the maximum Ni sorption capacity onto the chlorite surface.
Low Ni availability in serpentine and chlorite has been reported for a wide range of different soils by Echevarria et al. [20] and Massoura et al. [63] , and attributed to the presence of Ni in the crystal lattice. However, in ultramafic soils, Ni availability was found by Massoura et al.
[63] and Chardot et al. [69] to increase with the occurrence of amorphous Fe oxides, the main contributor to Ni availability in their study, in the absence of smectite. It is noticeable that other studies show that Ni associated to goethite is predominantly included in the crystal lattice, and thus less available with respect to serpentine and chlorite or even unavailable [12, 20, 63, 70] .
For Ni in NIQ 1 and NIQ 2 samples (and to a lesser extend for NIQ 3 sample), both the higher proportion of exchangeable stock and slower isotopic exchanges should be attributed to Ni interaction with the anthropogenic spherical and porous particles of Fe-Mg-Si-Al composition, related to FBA released by metallurgic activity. This fraction can strongly influence the kinetics of the exchange: equilibration between Ni isotopes may be slowed down because of Ni diffusion time through the porous amorphous matrix. Indeed, microporous and mesoporous silica materials are extensively used in water treatment for heavy metal sorption, separation and recovery [71, 72] .
These results reveal i) a change in Ni exchange kinetics, and ii) an increase in Ni availability, between surface waters localized far or close to the metallurgical process influence zone.
Thus, this anthropic activity significantly modify the nickel bearing phases and consequently enhance its (bio)availability. By extension, this traduces the impact of Ni mining and metallurgy on Ni availability on SPM and colloids and on the global Ni natural cycle.
Conclusion
Nickel lability and availability in SPM of surface waters is strongly dependent on the metal bearing phases. ). ) measured in filtrates of BA, NIQ 2 and 3 samples (primary axis) and NIQ 1 sample (secondary axis) after successive filtrations through 0.45 µm (red circles), 0.22 µm (blue diamonds) and 1 KDa (white squares) cutoff membranes.
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